I. INTRODUCTION
Abstract -This paper presents investigations into the development of control schemes for anti-swaying and input tracking control of a gantry crane system. A nonline~r overhead gantry crane system is considered and the dynamic model of the system is derived using the Euler-Lagrange formulation. To study the effectiveness of the controllers, initially a collocated PD control is developed for cart position control of gantry crane. This is then extended to incorporate a non-collocated PID and an input shaper control schemes for anti-swaying control of the system. The positive input shapers with the derivative effects are designed based on the properties of the system. Simulation results of the response of the gantry crane with the controllers are presented in time and frequency domains. The performances of the control schemes are examined in terms of level of input tracking capability, swing angle reduction and time response specifications in comparison to the PD control. Finally, a comparative assessment of the control techniques is presented and discussed.
The main purpose of controlling a gantry crane is transporting the load as fast as possible without causing any excessive swing at the final position. However, most of the common gantry crane results in a swing motion when payload is suddenly stopped after a fast motion [1] . The swing motion can be reduced but will be time consuming. Moreover, the gantry crane needs a skilful operator to control manually based on his or her experiences to stop the swing immediately at the right position. The failure of controlling crane also might cause accident and may harm people and the surrounding.
Various attempts in controlling gantry cranes system based on open loop system were proposed. For example, open loop time optimal strategies were applied to the crane by many researchers such as discussed in [2, 3] . They came out with poor results because open loop strategy is sensitive to the system parameters (e.g. rope length) and could not compensate for wind disturbances. Another open loop control strategies is input shaping [4, 5, 6] . Input shaping is implemented in real time by convolving the command signal with an impulse sequence. The process has the effect of placing zeros at the locations of the flexible poles of the original system. An IIR filtering technique related to input shaping has been proposed for controlling suspen~ed payloads [7] . Input shaping has been shown to be effectIve
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978-1-4244-2693-5/09/$25.00 ©2009 IEEE assumed to move in two-dimensional, x-y plane. The tension force that may cause the hoisting rope elongate is also ignored. In this study the length of the cart, I = 1.00 m, M = 2.49 kg, m = 1.00 kg and g = 9.81 rn/s" is considered. In this section, control schemes for rigid body motion control of the cart and swaying angle reduction of hoisting rope are proposed. Initially, a PD controller is designed. Then a non-collocated PID control and input shaper control are incorporated in the closed-loop system for control of swaying angle of the hoisting rope.
A. PD controller
A common strategy in the control of manipulator systems involves the utilization of PD feedback of collocated sensor signals. In this work, such a strategy is adopted at this stage. A block diagram of the PD controller is shown in Fig. 2 , where K p and K d are proportional and derivative gains, respectively, x and x represent horizontal position and velocity of the cart, respectively, () and iJ represent swing angle and swing velocity, respectively R r is the reference horizontal position. This section provides a brief description on the modelling of the gantry crane system, as a basis of a simulation environment for development and assessment of the input shaping control techniques. The Euler-Lagrange formulation is considered in characterizing the dynamic behaviour of the crane system incorporating payload.
Considering the motion of the gantry crane system on a two-dimensional plane, the kinetic energy of the system can thus be formulated as
x(t ) . t (t ) o(t ) e(t)
Gantry crane system /I(t ) Fig. 2 The PD control structure.
The control signal u(t) in Fig. 2 can be written as, In this study, the Ziegler-Nichols approach is utilized to design the PD controller. The value of proportional and derivative gain, K p and K d were chosen heuristically to achieve a satisfactory set of time domain parameters. These values were recorded as, K p = 150 and K d = 80.
B. PD with non-collocated PlD controller
A combination of PD and non-collocated PID control scheme for control of rigid body motion of the cart and swaying angle reduction of the system is presented in this section. The use of a non-collocated control system, where the swing angle of the hoisting rope is controlled, can be applied to improve the overall performance, as more reliable output measurement is obtained. The control structure comprises two feedback loops: (1) The cart position (2) The swing angle of hoisting rope as input to a separate non-collocated control law for swaying angle suppression. A block diagram of the control scheme is shown in Fig. 3 where e represents the swing angle of the hoisting rope, ro represents swing angle reference input, which is set to zero as the control objective is to have zero swing angle during movement of the gantry crane.
For rigid body motion control, the PO control strategy developed in the previous section is adopted whereas for the sway angle control loop, the swing angle of the hoisting rope feedback through a PID control scheme is utilized. The PID controller parameters were tuned using the ZieglerNichols method using a closed-loop technique, where the proportional gain K p was initially tuned and the integral gain K, and derivative gain K d were then calculated [13] . Accordingly, the PID parameters K p , K, and K d were deduced as 1.3, 0.8 and 0.01 respectively. To decouple the swing angle measurement from the rigid body motion of the gantry crane 's cart, a third-order infinite impulse response (IIR) Butterworth High-pass filter was utilised. In this investigation, a High-pass filter with cut-off frequency of 1.5 Hz was designed.
The input shaping method involves convolving a desired command with a sequence of impulses known as input shaper. The design objectives are to determine the amplitude and time location of the impulses based on the natural frequencies and damping ratios of the system. The positive input shapers have been used in most input shaping schemes. The requirement of positive amplitude for the impulses is to avoid the problem of large amplitude impulses. In this case, each individual impulse must be less than one to satisfy the unity magnitude constraint. In addition, the robustness of the input shaper to errors in natural frequencies of the system can be increased by solving the derivatives of the system vibration equation. This yields a positive ZVOO shaper with parameter as ;r 2;r 3;r the time location and amplitude ofimpulsej respectively.
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B(t ) Fig. 3 The PD and non-collocated PID control structure .
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C. PD with input shaping control A control structure for control of rigid body motion and swing angle reduction of the gantry crane system based on PO and input shaping control is proposed in this section. The positive input shapers are proposed and designed based on the properties of the system. In this study , the input shaping control scheme is developed using a ZeroVibration-Derivative-Derivative (ZVOO) input shaping technique [14] . Previous experimental study with a flexible manipulator has shown that significant vibration reduction and robustness is achieved using a ZVOO technique [15] . A block diagram of the PO with input shaping control technique is shown in Fig. 4 . 
V. IMPLEM ENTATION AND R ESULTS
In this section, the proposed control schemes are implemented and tested within the simulation environment of the gantry crane system and the corresponding results are presented. The cart of the gantry crane is required to follow a trajectory position within the range of 4 ± m. System responses namely the horizontal position of the cart and swing angle of the hoisting rope are observed. To investigate the swing angle effect in the frequency domain, power spectral density (PSO) of the swing angle response is obtained. The performances of the control schemes are assessed in terms of swing angle suppression, input tracking
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, -80 Figs. 5-7 show the responses of the gantry crane system to the reference input trajectory using PO controller in timedomain and frequency domain (PSO). These results were considered as the system response under rigid body motion control and will be used to evaluate the performance of the non-collocated PID and input shaping control. The steadystate cart position trajectory of +4 m for the gantry crane was achieved within the rise and settling times and overshoot of 1.292 s, 2.002 sand 1.375 % respectively. It is noted that the cart reaches the required position from +4 m to -4 m within 3 s, with little overshoot. However, a noticeable amount of swing angle occurs during movement of the cart. It is noted from the swing angle response with a maximum residual of ± 1.3 rad. Moreover, from the PSO of the swing angle response the swaying frequencies are dominated by the first three modes, which are obtained as 0.3925 Hz, 1.276 Hz and 2.06 Hz with magnitude of 32.02 dB, -9.01 dB and -26.19 dB respectively.
The horizontal cart position trajectory, swing angle of the hoisting rope and power spectral density responses of the gantry crane system using PO with non-collocated PID (PO-PID) and input shaping (PO-IS) control are shown in Figs. 5-7 respectively. It is noted that the proposed control schemes are capable of reducing the system sway effect while maintaining the input tracking performanc e of the gantry crane. Similar cart position trajectory, swing angle and power spectral density of swing angle responses were observed as compared to the PO controller. Table 1 summarizes the levels of sway effect reduction of the system responses at the first three modes in comparison to the PO control. In overall, higher levels of sway effect reduction for the first three modes were obtained using PO-IS as compared to PO-PID. However, the system response using PO-PID is faster than the case of POlS. It is noted with the input shaping controller, the impulses sequence in input shaper increase the delay in the system response. The corresponding rise time, setting time and overshoot of the cart position trajectory response using POlS and PO-PID is depicted in Table 1 . Moreover, as demonstrated in the cart position trajectory response with PO-PID control, the minimum phase behaviour of the gantry crane is unaffected. A significant amount of swing angle amplitude suppression was demonstrated with both control schemes. With the PO-PID control, the maximum swing angle is ± 1.2 rad while with the PO-IS control is ±0.16 rad. Hence, it is noted that the magnitude of oscillation was significantly reduced by using PO with input shaping control as compared to the case of PO with noncollocated PIO control. In overall, the performance of the control schemes at input tracking capability is maintained as the PO control. VI. CO NCLUSION The development of techniques for anti-sway and input tracking of the gantry crane system has been presented. The control schemes have been developed based on PO with non-collocated PID control and PO with input shaper technique. The proposed control schem es have been implemented and tested within simulation environment of a non-linear gantry crane. The performances of the control schemes have been evaluated in terms of residual sway angle suppression and input tracking capability at the resonance modes of the gantry crane. Acceptable performance in sway angle suppression and input tracking control has been achieved with proposed control strategi es. A comparative assessment of the control schem es has shown that the PO control with input shaping performs better than the PO with non-collocated PID control in respect of swing angle reduction of the hoisting rope. However, the speed of the response is slightl y improved at the expenses of decrease in the level of swing angle reduction by using the PO with non-collocated PID control. It is concluded that the proposed controllers are capable of reducing the system sway effect while maintaining the input tracking performance of the gantry crane. " .3 10 The simulation results show that the performance of PO-IS control scheme is better than PO-PID schemes in swing angle suppression of the gantry crane. This is further evidenced in Fig. 8 that demonstrates the level of sway effect reduction at the resonance modes of the PO with noncollocated and input shaping control respectively as compared to the PO controller. It is noted that higher swing angle reduction is achieved with PO-IS at the first three modes of sway effect. Almost onefold, threefold and twofold improvement in the sway effect reduction at the first, second and three resonance mode respectively were observed with PO-IS as compared to PO-PIO. Moreover, implementation of PO with input shaping control is easier than PO with non-collocated PID control as a large amount of design effort is required to determine the best PID parameters. Note that a properly tuned PID could produce better results. However, as demonstrated in the cart position trajectory response, slightly slower response is obtained using PO with input shaping control as compared to the PO with non-collocated control.
Further comparisons of the specifications of the cart position trajectory responses are summarized in Fig. 9 for the rise and settling times. The work thus developed and reported in this paper forms the basis of design and development of hybrid control schemes for input tracking and sway effect suppression of three-dimensional gantry crane systems and can be extended to and adopted in practical applications.
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